Abstract: We present a novel miniature endoscopic optical coherence tomography (OCT) probe based on an electrothermal microelectromechanical (MEMS) mirror and a C-lens. The MEMS mirror has a relatively large mirror plate of 0.5 mm × 0.5 mm on a small chip size of 1.5 mm × 1.3 mm, leading to the outer diameter of the endoscopic probe down to only 2.5 mm so that the probe is capable of being inserted through the biopsy channel of a conventional endoscope. A long focal length of 12 mm is achieved by properly designing the C-lens. Compared to commonly used GRIN lenses, C-lenses have advantages of much smaller sensitivities of the working distance and spot size to machining variations. The C-lens based probe can scan a large field of view (FOV) of 6 mm × 6 mm at only 5-V drive voltage. A swept source endoscopic OCT system is constructed using this miniature probe. Experiments show that the corresponding lateral and axial resolutions are about 50 and 14 μm, respectively. Various samples including human fingers, onions, and cancerous colon tissue are imaged and the result suggests this large-working-distance, large-FOV endoscopic probe is promising for applications in large tubular organs and large-area lesions.
Introduction
A large number of optical coherence tomography (OCT) endoscopic probes have been demonstrated in the past two decades and their optical scanning modes mainly include forward scanning, side scanning and circumferential scanning [1] . The circumferential scanning was first reported in 1997 [2] , which is utilized extensively now for OCT imaging within hollow organs, such as artery, esophagus, and colon [2] - [4] . Circumferential scanning can be obtained by proximally driving an optical assembly using a torque cable or by distally rotating a prism to scan the light beam in the direction perpendicular to the axis of the imaging probe [5] - [8] . The side scanning is usually based on gradient-index (GRIN) lenses and MEMS scanning mirrors to achieve two-dimensional (2D) optical scans and three-dimensional (3D) OCT images [9] , [10] . For an endoscopic OCT probe, the diameter, working distance and lateral resolution are the key parameters. In a MEMS OCT probe, a GRIN lens is often used to match the optical fiber and minimize the diameter of the probe and simplify the assembly, and the MEMS mirror typically scans an angular FOV of about 10°-20° [9] - [12] . Jung et al. employed a 2-axis scanning MEMS mirror to realize a 1 mm 2 scanning area [11] . Kim et al. reported a probe with a large optical scan angle of 40°, but still only imaged an area of approximately 3 mm 2 [13] . Sun et al. and Wang et al. respectively demonstrated 3-D endoscopic OCT imaging with a two-axis MEMS scanning mirror and the imaging areas were about 4 mm 2 [12] , [14] . Duan et al. further improved the OCT imaging area up to 5 mm 2 [15] . In the case of applying OCT to large tubular organs, such as esophagus, where the diameter of the lumen is in the order of 20-25 mm. A technology based on a thin fiber-prism assembly spinning in a balloon has been exploited for esophagus OCT imaging [16] . This technology provides full 360°FOV and is very efficient to acquire circumferential images, but it has difficulty to image a localized specific region of interest. For instance, during OCT imaging of an esophagus, the physician might want to scan a highly suspecious area repeatedly in real time instead of analyzing the whole 3D esophagus image after reconstruction. Besides, some cancers may appear in a large flat area instead of a tubular organ, such as stomach cancer, cervical cancer and oral cancer, which are not applicable for circumferential scanning probes [17] - [20] . MEMS based OCT would be a good alternative, but as described above, almost all of the MEMS OCT probes reported are based on GRIN lenses and typically have small imaging areas due to small working distances [11] , [12] , [14] , [15] . The working distances of these MEMS OCT probes are mainly limited by the available pitches (i.e., 023, 0.25 or 0.27) of commercial GRIN lenses. Duan et al. did an extensive study showing that the maximum working distance of GRIN lenses at 0.27 pitches is less than 6.0 mm [21] . Suter et al. and Kang et al. reported long-focal-length OCT probes based on GRIN lenses, respectively [22] , [23] . Fu et al. reported an OCT imaging catheter with a 9-mm working distance utilizing a glass rod and two GRIN lenses [24] . Xi et al. reported an OCT probe with an 11-mm working distance by cutting and fine polishing one GRIN lens down to 0.05-pitches [25] . Numerical simulation has shown that GRIN lenses must be extremely short and machined with ultra-high precision, which drastically increases the cost and the lead time [26] , [27] . On the other hand, C-lenses are also rod lenses and can achieve long working distance; more importantly, C-lens collimators are available off the shelf and have been widely used in optical communications [29] - [31] . Therefore, we propose to use a C-lens in a MEMS OCT probe to increase the working distance and thus increase the imaging area. Another advantages of using C-lenses is that a C-lens' sensitivities of the working distance and spot size to its length are much lower than those of a GRIN lens.
In this study, a detailed analysis of using C-lenses for obtaining long focal length is performed, and a comparison to GRIN lenses is also made. To validate this C-lens based method, a miniature endoscopic probe using a C-lens has been designed, assembled and tested. The probe has an outer diameter of only 2.5 mm and the rigid length is 8.5 mm so that it can be directly inserted through the biopsy channels of most of conventional endoscopes for noninvasive in vivo imaging. The small probe diameter is enabled by the high fill factor of a unique electrothermal MEMS mirror. In the following, we will first introduce the optical and mechanical design of the C-lens based MEMS OCT probe, and then we compare the sensitivity of the working distance and spot size to the dimensional variations or machining errors of the GRIN lens and C-lens. Finally we report the test experiments and present the OCT imaging results using the new probe.
Methods
A C-lens is a rod lens with a uniform refractive index and a spherical surface at its rear end, and C-lenses can be used to achieve long working distance [29] . Compared with GRIN-lens, C-lens features with low cost and easy control of lens' parameters. The optical model of a C-lens collimator consisting of a C-lens and a single-mode fiber is shown in Fig. 1(A) . The distance between the fiber end and the C-lens front end is defined as b, and this space is filled with air. The output beam from the C-lens rear end is considered as a Gaussian beam. The beam waist w 0 , waist position Z 0 and Rayleigh range Z R of the output beam can be calculated using the ABCD matrix method and are determined by the diameter, d, length, L, radius of curvature, r, and refractive index, n, of the C-lens and b. Note that both the fiber end and the C-lens front end are cut with an 8°angle to minimize back reflection. The ABCD matrix of the C-lens is expressed as:
The ABCD matrix at a position Z can be calculated as:
Using Eqs. (1) and (2) with multiple iterations, the C-lens' parameters are selected as d = 1 mm, L = 3.2 mm, r = 1.8 mm, and n = 1.74. Then the calculated w 0 , and Z 0 /Z R over b are shown in Figs. 1(B) and 1(C), respectively. The design of the C-lens-based collimator is optimized using Zemax. Based on the data in Figs. 1(B) and 1(C), b and the beam waist are set as 1.2 mm and 12 mm, respectively, resulting in the spot diameter of the beam waist of about 45 μm and the depth of focus of 2.2 mm. This result is verified by Zemax simulation as shown in Fig. 1(D) . Note that the 8°cut is not included in the Zemax model for simplicity. Also note that the parameters of the fabricated probe will be slightly deviated from the theoretical calculation due to the unavoidable manufacturing errors, and the test result of the actual probe will be shown in Fig. 4 . The dependence of the designed parameters on the manufacturing precision determines the cost and lead time of those components. W. Jung et al. demonstrated the relationship between the working distances, beam width and pitch number of a GRIN lens, and they also reported a method for designing long-working-distance probes [27] . This work shows that a working distance in the range of 9-14 mm can be obtained with an extremely short pitch number (0.04-0.045), but the working distance is very sensitive to the pitch number, and a 0.001 pitch variation will result in a change of the working distance by 1 mm and a change of the spot size by 2 μm [27] .
A comparison between a GRIN lens and a C-lens regarding the focal length and spot size and their sensitivities to the lens length is shown in Fig. 2 . The length of the GRIN lens and the C-lens are set at different ranges to ensure similar working distances and beam widths. In this comparison, the parameters of the GRIN lens are set as follows: n = 1.6164, g = 0.8521 mm lines in Figs. 2(A) and 2(C) . Similarly, Fig. 2(F) shows the sensitivities of the working distance to L at the range of interest.
As shown in Fig. 2 (E), the sensitivity of ω 0 to L of the GRIN lens is 0.207 mm/mm at ω 0 = 0.02 mm, which means that the longitudinal tolerance of the GRIN lens should be about 5 μm to keep the variation of ω 0 within 1 μm. In contrast, for the C-lens, the sensitivity is 0.018 mm/mm, about 10 ten times less than that of the GRIN lens, so the tolerance can be extended to 55 μm to ensure the same variation of ω 0 . As shown in Fig. 2(F) , the sensitivity of Z 0 to L of the GRIN lens is 24 times as much as that of the C-lens. The sensitivity of the C-lens is 5 mm/mm at Z 0 = 10 mm, which means that the longitudinal tolerance of the C-lens is 200 μm to keep the variation of Z 0 within 1 mm. In contrast, a much smaller tolerance (down to 8.3 μm) is required for the GRIN lens. For precision machining, tolerance of several micrometers is much more expensive than that of hundreds of micrometers. Thereby, C-lenses are a better choice for making long-working-distance OCT probes.
The 2D scan in this OCT probe is realized by an electrothermal MEMS mirror with a footprint of 1.5 mm × 1.3 mm. Four pairs of bimorph actuators, which are symmetrically located at the four sides, are used to support and actuate the 0.5 mm × 0.5 mm aluminum-coated mirror plate, as illustrated in Fig. 3(a) . Each bimorph actuator consists of three pairs of double S-shaped Al/SiO2 bimorph beams [32] , [34] . A thin layer of Ti/TiN is embedded along all the bimorphs to form a heater in each of the bimorph actuators to drive the four bimorph actuators individually or collectively. The MEMS mirror is fabricated using a combined surface and bulk micromachining process similar to the one reported in [32] . This electro-thermal MEMS mirror generates an optical scan angle of ±17.5°at only 5 volts. An SEM picture of the MEMS mirror is shown in Fig. 3(b) . The resonant frequency of the MEMS mirror is 1.3 kHz. In our research, the fast axis scan is 200 Hz and the slow axis scan can be set as 0.4 Hz and 0.8 Hz.
Experimental Setup and Results
The optical model of the probe design is shown in Fig. 4(a) , where d 1 is the distance from the C-lens rear end to the MEMS mirror plate and d 2 is the distance from the MEMS mirror to the beam waist. Considering the size and orientation of the MEMS chip as well as the machining precision and alignment process, d 1 is chosen as 2 mm, and thus d 2 = 10 mm. With the MEMS mirror scanning ±17.5°optically, the target imaging area can reach up to 6.3 mm × 6.3 mm.
The MEMS chip is bonded on a flexible printed circuit board (FPCB) and then fixed on a titled 45°p edestal, as shown in Fig. 4(b) . A zoomed-in view of the MEMS probe head is shown in Fig. 4(c) . The outer diameter of the probe is 2.5 mm and the length of the rigid part is 8.5 mm. The MEMS device is driven by a 0-5 V triangular waveform voltage and the scan line at the beam waist position is about 6 mm long, as shown in Fig. 4(d) . The quality of the optical beam coming out of the MEMS probe is tested with a beam analyzer (Thorlabs, BP209-IR). The test setup is shown in Fig. 5(a) . The XOZ and YOZ profiles of the beam at various distances from the C-lens rear end are plotted in Figs. 5(b) and (c) , respectively. The e −2 of the peak power is set as the cutoff for defining the beam diameter based on the Gaussian beam theory, which is marked with a red dotted line in Figs. 5(b) and 5(c). Then the beam widths at different distances are extracted from Figs. 5(b) and 5(c). The result is shown in Fig. 5(d) , indicating that the beam waist is located at 11 mm and the diameter of the waist is about 50 μm. Also shown in Fig. 5(d) , the distance range for the focused beam with the beam width less than 100 μm is about 3.4 mm, which is the depth of focus (DOF). This result is similar to that obtained using GRIN lens-based probes (∼40 μm spot diameter and ∼10 mm working distance) [23] , [24] . This long-working distance probe is developed to provide large FOV for applications in organs with large surface areas such as stomach and bladder. For a short-working-distance OCT probe, the probe is often positioned against the surface of the tissue of examination while for the longworking distance probe reported here, it must be carefully considered how to position the probe properly to maintain and stabilize the working distance. One solution is to design a hollow accessory structure and assemble it at the tip of the probe as a spacer. Note that this probe is not intended for circumferential scanning in tubular organs. Instead, it can be used in tubular organs for more detailed imaging of suspicious regions that have been identified by other means.
The MEMS probe is connected to a swept source OCT system with a Santec swept source (Santec Technologies, HSL-20-100-B), and the interferometer system including a balanced photodetector is from Thorlabs (INT-MSI-1300B). The A-scan speed is determined by the sweeping speed of the swept source, which is 100 kHz. A mirror covered with gold film is used to test the axial resolution of our OCT system. The original signal at one point on the mirror is shown in Fig. 6(a) and the point spreading function (PSF) is shown in Fig. 6(b) . The full width at −3 dB corresponds to the axial resolution of 14 μm. An optical filter (OD2) is placed in optical path to prevent overexposure of the balanced photodetector. The SNR of the OCT system is about 80 dB.
The OCT system was used to image a three-layer coverslip sample with 170-200 μm air gaps between the layers. As shown in Fig. 7 , both the top and bottom surface of each coverslip returned reflection signals, so there are six bright lines in the OCT image. Note that the flat surfaces appear curved and this image deformation results from the radial scan of the MEMS mirror that forms spherical, fan-shaped and keystone distortions, and it can be corrected by an image-reverse method [33] . The subsequent images, as shown in Figs. 8 and 9 , are corrected by the image-reverse method. It is also worthy to notice that the OCT image area is as wide as 6 mm, which at least more than twice as much as those obtained from previous MEMS OCT probes [9] , [11] , [12] , [13] , [15] , [32] . Human finger and onion were imaged using the MEMS OCT probe; the corresponding OCT images are shown in Fig. 8(a) and (b) . Fig. 9(a) shows a cancerous colon sample with the cancerous tissue area of about 20 mm × 40 mm marked by a red dash line. The OCT images of the normal tissue and the cancerous tissue are shown in Fig. 9(b) and Fig. 9(c) , respectively. In general, a normal colon tissue has a layered structure and each layer is homogeneous, so the intensity at the same depth in an OCT image is approximately the same. In contrast, a cancerous tissue does not have an obvious layered structure or even has no layers at all. The OCT image with a 6 mm-wide range in Fig. 9(c) presents the various characteristics of the cancerous tissue very well. As a comparison, if an OCT image with only a 2 mm range were obtained, it would be much more difficult to determine the cancerous characteristics. A 3D OCT image of the cancerous tissue has also been reconstructed, as shown in Fig. 9(d) .
Conclusions
In summary we have successfully demonstrated a 2.5 mm-diameter miniature endoscopic OCT probe based on a C-lens. The length tolerance of machining C-lenses is 10-20 times more than that of machining GRIN lenses. Thus, C-lenses are a better choice for making long-working-distance OCT probes. The new OCT probe design using a C-lens results in a considerably longer working distance of 12 mm and a large imaging area of 6 mm × 6 mm. The lateral resolution is 50 μm, which is comparable to other circumferential scanning OCT used clinically in artery and esophagus. In addition, the lateral resolution of 50 μm is also comparable to those obtained with GRIN lens-based probes [24] . And the lateral resolution can be improved by increasing the C-lens diameter and the size of the MEMS mirror, i.e., increasing the NA of the imaging system. This probe can scan the targeted area of interest without pulling or pushing or rotating the probe. Thus more stable scans and higher quality OCT images can be obtained. The outer diameter of 2.5 mm is another advantage since the probe can be directly inserted through the biopsy channel of a variety of conventional endoscopes. This work is focusing on demonstrating the feasibility of C-lenses for long working distance. Our following study needs needs more clinical study in detecting dysplastic lesions. This MEMS OCT probe with much increased imaging area has great potential for in vivo endoscopic diagnosis and intraoperative imaging.
